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NisIn is a paramagnetic intermetallic consisting of AB-stacked Ni-kagome networks. Correlated electron
behaviors deviating from the Fermi-liquid form have recently been observed in NizIn bulk single crystals,
attributed to stabilization of a partially flat electronic band near the Fermi level. Synthesis of this system in
thin-film form offers unique opportunities for tuning of materials that could aid in identifying the microscopic
origin of the non-Fermi-liquid response and exploring the suspected quantum criticality therein. Here, we
report the realization of (001)-oriented epitaxial thin films of NizIn on single-crystal SrTiO; (111) substrates
by molecular beam epitaxy. Via control of growth conditions, we fabricate high-quality films with quantum
fluctuations strongly influencing the physical properties of the system. Analysis of the electrical transport
response reveals that intrinsic spin fluctuations in NizIn may account for the observed non-Fermi-liquid behavior.
Such structures may facilitate driving NiszIn across a potential quantum critical phase transition and uncover the
role of unusual flat bands in triggering correlated phenomena.

DOL: 10.1103/PhysRevB.109.L.121112

Introduction. The paramagnetic metal NizIn consists of
AB-stacked two-dimensional Ni-kagome networks [Figs. 1(a)
and 1(b)]. Compared to quasi-two-dimensional (quasi-2D)
kagome metals in which such layers are interleaved with
structurally distinct spacer layers [1-4], interkagome hy-
bridization in 73X (T = Mn, Fe, Ni; X = Ga, Ge, In, Sn)
systems further facilitates a higher-dimensional electronic
structure. As a consequence, 73X have been reported to sup-
port distinct correlated and topological electronic behaviors
[5-7], which are of considerable interest for understanding the
variety of electronic phenomena possible in the kagome-metal
family of materials.

Recent bulk single-crystal studies on NizIn have reported
peculiar transport and thermodynamic responses deviated
from the canonical Fermi-liquid expectations [8,9]. These
non-Fermi-liquid (NFL) behaviors include T -linear resistiv-
ity persisting down to anomalously low temperature (~1 K)
and deviation of the low-temperature heat capacity from the
conventional T3 dependence. Such behaviors were ascribed
to the extremely flat band within the ab plane [Fig. 1(c),
red-shaded area; referred to as a partial flat band] [8-11].
In addition, anomalous low-temperature Raman responses in
this compound further revealed the relevance of this partial
flat band in generating anisotropic Kondo lattice behaviors
[9]. Given the breakdown of Fermi liquid in the system, the
possibility of a quantum critical point in the proximate phase
space has been raised [12—14].

A variety of kagome metals has been realized in epitaxial
thin-film morphology [15-20]. In order to tune the NFL re-
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sponse in NiszIn and explore the suspected quantum critical
phase diagram, it is of significant interest to realize thin films
of Ni;zIn for the manipulation of material properties (via, e.g.,
epitaxial strain, quantum confinement, electrostatic gating).
Here, we report the stabilization of high-quality NiszIn thin
films by molecular beam epitaxy. X-ray diffraction (XRD),
transmission electron microscopy (TEM), and electron energy
loss spectroscopy (EELS) altogether indicate the formation of
single-crystalline NizIn with precise stoichiometry and con-
formal film morphology. Electrical transport reveals the NFL
behaviors in good agreement with those observed in bulk
single-crystal NiszIn. A more detailed analysis of its magne-
totransport properties suggests spin fluctuations at the origin
of the Fermi-liquid breakdown.

Epitaxial thin-film synthesis and structural characteriza-
tions. NisIn thin films were grown on single -crystal SrTiO;
(111) substrates (Shinkosha, Co.). Prior to film synthesis, the
substrates were dipped into buffered oxide etch for 8 min
and then rinsed with deionized water. This chemical etching
procedure was followed by 1 h annealing in air at 1300 °C.
Substrates prepared this way had flat and step-terraced sur-
face morphologies. After loading into the molecular beam
epitaxy (MBE) chamber, we pre-annealed the substrates at
60 °C for 1 h to eliminate heterogeneous adsorbates. Then,
the substrate temperature was ramped down to the deposition
temperature of 100 < 7y < 300°C at which Ni and In were
co-deposited by thermal evaporation from solid source effu-
sion cells. The ratio of beam-equivalent pressures (BEPs) was
Pni:Pr, = 1:1.8, where Py; and Py, are BEPs for Ni and In,
respectively. The BEPs were calibrated before each growth to
ensure a consistent deposition rate of ~1 nm/min. The resul-
tant film thickness (#5,) was confirmed by a quartz crystal
monitor. After deposition, some of these films were postan-
nealed to improve crystalline quality.
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FIG. 1. (a) Schematic crystal structure and (b) the top view of
the NizIn unit cell. (c) Electronic structure (left) and density of states
spectrum (right). Inset: The Brillouin zone. The partial flat band is
shaded in red. (d) X-ray diffraction spectra of NizIn films with (red)
and without (black, blue) the postannealing treatments. Inset: Optical
micrograph of a NizIn film (scale bar: 1 mm). (e) Pole figure of
a NizIn film, displaying in-plane crystallographic orientation of the
film with respect to the SrTiO; substrate. Intensities associated with
the NisIn (201) diffraction peaks and the SrTiO; (101) diffraction
peaks are marked with black and gray arrows, respectively. The radial
axis denotes the inclination angle with respect to the film normal
vector.

Figure 1(d) shows XRD spectra of fg,,, = 20 nm samples
with (red) and without (black, blue) postannealing treat-
ments. The wavelength of the incident x-ray beam was A =
0.154 nm. In the vicinity of the SrTiO; (222) XRD peak
at 20 = 39.98°, film XRD peaks were observed. The film
deposited at Ty = 140°C shows a broad and low-intensity
peak around 20 = 42.70°, the (002) XRD peak position for
bulk NiszIn [Fig. 1(d), black]. This indicates the formation
of a c-axis-oriented NizIn film with low crystalline quality
when Tj is below the In melting point 7}, 1, = 156.6 °C. The
film deposited at 73 = 300 °C shows a well-defined and high-
intensity peak at 260 = 42.70°, together with another satellite
peak at 260 = 44.70° [Fig. 1(d), blue]. The position of the latter
is the (201) XRD peak position for bulk NiszIn, suggesting
the formation of a high-crystalline, but less singly oriented
NizIn film when 7y > T, 1. This tendency suggests that
the film-substrate epitaxial interaction becomes less relevant
in the 7y regime where In atoms have large kinetic energy.
In order to attain high-crystalline quality while maintaining
single-crystallographic orientation, we deposited the films at
Ty = 100°C (< Tym) and subsequently annealed them at
T, =420°C (> T,y ) for 1 h. The XRD spectrum of such
a film shows a well-defined peak with pronounced intensity
at 29ﬁ1m’(002) =42.65° (0.1% deviated from 29bu1k,(002)) and
suppressed intensity at 26y, 201y = 44.70° [Fig. 1(d), red].

Nisin 10 x dc,Tem I

FIG. 2. Cross-section transmission electron microscopy images
of a NizIn thin film with 16 nm thickness taken at (a) low mag-
nification and (b) high magnification. (c) Electron energy loss
spectroscopy measurement and (d)—(h) element-specific mappings
for Ni, In, Sr, Ti, and O, respectively.

Laue interference fringes were observed on both sides of the
film peak, indicating sharp interfaces.

The epitaxial relation between NizIn and SrTiO3 was char-
acterized by asymmetric XRD measurements. A collection
of NizIn (201) diffraction peaks and SrTiO3 (101) diffraction
peaks is shown in the pole figure in Fig. 1(e). The NisIn (201)
peaks [black arrows in Fig. 1(e)] manifest sixfold rotation
symmetry as expected from the hexagonal crystal symmetry,
whereas the SrTiO3 (101) peaks [gray arrows in Fig. 1(e)]
manifest threefold rotation symmetry as expected from the
trigonal symmetry of the (111) facet of a cubic crystal. The in-
plane angles of the NisIn (201) peaks are matched with those
of the SrTiO3 (101) peaks, indicating epitaxial alignment of
in-plane crystallographic orientations between the two layers.

The structural analyses based on XRD were corroborated
with other spectroscopic measurements. Figures 2(a) and 2(b)
are cross-section TEM images of a 5, = 16 nm sample. The
low-magnification TEM image [Fig. 2(a)] reveals a confor-
mally coated film morphology; the observed tg, is estimated
to be 15.3 nm, ~4% deviated from the calibrated #g;,. The
higher-magnification TEM image [Fig. 2(b)] more clearly vi-
sualizes the atomic arrangements in both the NisIn film and
SrTiO; substrate. In agreement with the x-ray measurements,
the NiszIn ¢ axis is aligned with the film normal direction
and the interkagome distance is found to be d. ey = 2.03 A.
This is close to the interkagome distance in bulk NizIn
(i.e., depux = 2.10 A).

Additionally, we conducted EELS for an element-specific
chemical identification. Each element is color coded in
Figs. 2(d) and 2(e), and Fig. 2(c) is their superposition. Across
the sharp film-substrate interface, Ni and In are present only

L121112-2



MOLECULAR BEAM EPITAXY SYNTHESIS AND ...

PHYSICAL REVIEW B 109, L121112 (2024)

(a) 150 T T T (b) T T i ——
B v
o 90-
1.0 l g
E 125+ B ¥
S z I/ ¢ ([0o1]) =
g » S
& 100 .
0.5
J /I ab pxx(T) =al*+b
75 1 1 1 1 1 1
0 100 200 300 0 50 100 150 200
T (K) T(K)
c) 0.5 o 0.5
© Sorire L T=2K s (d) " A Hilab ]
oy s
Q‘/ n
s S
3 ¢ oo S
% 0.0F » —_
A 100 5
T 7 AN U
3 =
& / >\ 20 %
054 ! ! s_
-9 0 9 0 50 100
HoH (T) T(K)

FIG. 3. (a) Temperature-dependent electrical resistivity 0., (T)
of a NizIn thin film with 20 nm thickness. Inset: The relative ori-
entation of the electrical current J with respect to the film normal
vector z and the ¢ axis of NizIn. (b) Temperature-dependent resistiv-
ity exponent «. Inset: Magnified view of (a) in the low-temperature
regime (orange dashed line is a guide to the eye for the linear slope
above 20 K). (c) Magnetoresistance (MR) at selected temperatures
with magnetic field (H) along the ¢ axis. (d) The uoH =9 T MR
at different temperatures with H//c axis (black) and H//ab plane
(gray). Red arrows in (b) and (d) mark the features at 7 = 20 K.

in the top layer [Figs. 2(d) and 2(e)], whereas Sr, Ti, and O can
be found only in the bottom layer [Figs. 2(f)-2(h)]; note that
nearly overlapping core loss edges of Ti and In may produce a
small In signal in SrTiO;3 even in the absence of a significant
amount of In. As expected from the 3:1 stoichiometry, the
intensity from Ni is stronger than that from In. At the top
surface of the NisIn film, a finite intensity is observed from O,
which we hypothesize to be a thin layer of surface oxidation
from air exposure.

Electrical transport measurements. The electrical trans-
port properties of NiszIn films were characterized down to
T = 1.8 K. Figure 3(a) shows the temperature-dependent
electrical resistivity p.,(T) of a postannealed sample with
taim = 20 nm. The overall temperature dependence reveals a
metallic character with decreasing py, as 7 decreases. The
resistivity at 7 = 300 and 1.8 K is 142 and 80.6 u€2 cm,
respectively, giving the residual resistivity ratio of RRR =
1.76. Films with tg,, = 90 nm (10 nm) prepared by the
equivalent growth conditions also showed a metallic character
with oy, = 201 u2 cm (128 u€2 cm) and p,, = 38.5 u2 cm
(94.9 u2 cm) at 300 and 1.8 K, respectively, and RRR = 5.20
(1.35).

Within 100 < T < 300 K, p(T) of the th, =20 nm
sample shows a nonlinear temperature dependence with larger
dpy./dT at lower temperature (i.e., d*p,./dT? < 0). This
tendency can also be extracted from the resistivity exponent
o, assuming oy, o< 7% [Fig. 3(b)]. « is inferred from the
relation o = T'(dpxx/dT)/(pxx — Pxx.0), Where pyo is the

extrapolated p,, value at T = 0 K. The sublinear exponent
(< 1) at T > 100 K is consistent with dz,om/dT2 <
0 within this 7 range. Qualitatively similar nonlinearity
was observed down to 100 K in all studied films with
10 < thim < 90 nm.

At T < 100 K, the T linearity of p,,(T) is approximately
restored and persists down to 7 = 1.8 K. In a bulk report of
NisIn, the 72 rollover in p,(T) was observed below ~1 K;
this is much lower than the typical temperature regime below
which the T-linear electron-phonon scattering rate gives way
to a T-quadratic electron-electron scattering rate within the
Fermi-liquid paradigm [8]. With p,,(T ) deviated significantly
from the canonical Fermi-liquid expectation, we identify this
1 < T « 100 K regime to stabilize a NFL state in NizIn. A
closer inspection of the NFL state reveals another inflection-
like feature in o, (7). As T drops below 20 K, dp,,/dT
increases additionally by a small amount [Fig. 3(b), inset].
This behavior is also manifested as a small dip in o within
anarrow T range near 20 K; o < 1 within the dipand o ~ 1
above and below that, reflecting two distinct linear slopes
with respect to 20 K. As will be described further below, the
feature at 20 K reflects a crucial energy scale of the NFL state
that is suggestive of the nature of the underlying quantum
fluctuations.

All samples within the 10 < #5, < 90 nm thickness range,
regardless of respective electronic quality and absolute values
of resistivity, showed qualitatively similar features in p,(T)
at the same temperatures as in the fg, = 20 nm sample,
including the nonlinearity down to 7 = 100 K and the small
change in d p,,/dT (or sublinear dip in ) around 7 = 20 K.
The Mott-loffe-Regel limit of resistivity in this system is esti-
mated to be pmr = (37T2h)/(€2k1%lMFp) = 2.3 mQ2 cm using
the mean free path lyrp equal to the in-plane lattice constant
dgy =153 A and the Fermi wave vector kp ~ O.45/A of the
nearly isotropic hole pocket at the I point [8,21]; an experi-
mentally measurable Mott-Ioffe-Regel limit is expected to be
the mean value of pypr for multiple bands in the system and
contributions from other bands with smaller kg are expected
to shift it further towards higher resistivity. In all measured
samples, the resistivity at 1.8 < 7 < 300 K was consistently
within 38.5 < p, < 201 pf2 cm, significantly smaller than
the estimated pymr. This suggests that the observed anomalies
in electrical transport arise from the intrinsic scattering
properties of NisIn, rather than disorder-induced saturation of
scattering rates as is frequently observed in bad metals.

Figure 3(c) shows the magnetoresistance (MR =
[oxx(H) — pux(H = 0)]/pxx(H = 0)) of this sample within
2 < T <300K, where H is the magnetic field. H was
applied along the ¢ axis of NizIn. At T = 300 K, we see a
small positive MR with 0.002% amplitude at puoH =9 T,
likely originating from the Lorentz-force deflection of
electrons. As T decreases, it gives way to a small negative
MR with —0.002% amplitude at uoH =9 Tat7T = 250 K. In
a bulk study of Ni3In, the onset of negative MR at T < 300 K
was ascribed to the formation of localized magnetic moments
and subsequent field suppression of the associated magnetic
fluctuations [8]. This may also account for the nonlinear
Pu(T) in the 100 < T < 300 K regime, within which the
local moments become increasingly well defined at lower
T and generate a nonmonotonic temperature dependence of
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scattering cross sections for conduction electrons. We note
that a similar tendency has been identified in a wide class of
nearly magnetic systems, in which strong fluctuation between
spinful and spinless states generates a saturating p.,(7T) at
high temperature [22].

The quadratic negative MR enhances as 7 decreases,
reaching up to —0.42% at uoH =9 TatT =20K. At T <
20 K, however, the MR begins to manifest a nonquadratic
field dependence. We hypothesize that this nonquadraticity
originates from the superposition of the positive MR com-
ponent (increasing due to higher electronic mobility at lower
T) and the negative MR component (increasing due to higher
moment size at lower 7). As a result of the two competing
contributions, the net MR response below 20 K changes from
negative (i.e., d py./dH < 0) in the low-field regime to posi-
tive (i.e., d pyx/dH > 0) in the high-field regime. The positive
MR component tends to dominate at lower 7" and the 9 T MR
at 2 K becomes positive with 0.35% amplitude.

Figure 3(d) summarizes the 9 T MR amplitudes at different
T for H//c (black) and H//ab (gray). Qualitatively similar
trends are observed for both field orientations. In bulk single-
crystal NisIn, x. and y,, showed a Curie-Weiss-type tempera-
ture dependence with y. > xq within 2 < T < 300 K, where
Xc and x,» denote magnetic susceptibility under H//c and
H//ab, respectively [8]. The former observation is consistent
with the presence of local magnetic moments in NisIn and the
latter suggests more effective field suppression of magnetic
fluctuations when H//c, consistent with our observation that
the negative MR component is larger for H//c ([Fig. 3(d)].

The gradual crossover from the net negative MR (T >
20 K) to the net positive MR (7" < 20 K) can be understood
as an emergence of spin-spin coherence in NizIn—a possi-
bility also raised in bulk studies of NizIn [8,9]. To examine
this hypothesis, we scaled the MR response with respect
to uoH /(T + T.on), akin to the incoherent spin-fluctuation
model frequently applied in analyzing the MR responses
of heavy fermion systems, where T, is the temperature
above/below which spins are incoherent/coherent [23-26].
Recently, the scope of this model has been expanded to
describe, in general, the effects of local moments on MR
responses in metallic systems, not restricted to those from the
f electrons [27-29]. Here, we assume T.,, = 20 K given the
inflectionlike feature in p,(7) at T = 20 K; unlike in dilute
Kondo systems where a sharp drop in py, is expected at Teop,
spin-spin coherence formation in multiband metals is known
to manifest as a small slope change in p,(T) [27]. Within
20 < T < 250 K, the MR traces at different 7" plotted against
the woH /(T + Tion) scale reasonably well [Fig. 4(a)]. This
scaling analysis at T > T, suggests that the system in the
zero-field state in fact contains an ensemble of incoherently
fluctuating spins. We note that reasonable scaling fits could
be obtained with T, ~ (20 £ 5) K for all studied samples at
T > T.on (the error bar originating from the uncertainty in
the goodness of fit), potentially correlated with the consistent
occurrence of the inflectionlike feature in p,(T)at T =20 K
for all #g,. In contrast, the MR traces below 20 K deviate
significantly from the scaling curves above 20 K [Fig. 4(b)].
The failure of this scaling analysis at T < Ton suggests
the insufficiency of the incoherent spin-fluctuation model in
fully accounting for the MR response in this 7 regime. As
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FIG. 4. Temperature-field scaling analysis of the magnetoresis-
tance (MR) response based on the incoherent spin fluctuation model.
The MR traces in Fig. 3(c) are plotted against woH /(T + Tion) for
(T >20Kand (b) T < 20K, with T¢,, =20 K.

depicted in the schematic inset in Fig. 4(b), we hypothesize
that the spin-spin coherence energy (E.n) counteracts the
field polarization of individual spins (driven by the Zeeman
energy Ezeeman), leading to the suppression of the negative MR
component and enabling the positive MR component to dom-
inate the net response. A recent Raman scattering study on
bulk NizIn has also captured a consistent incoherent-coherent
crossover with strong polarization dependence, based on
which the formation of the anisotropic Kondo lattice involving
the partial flat band was discussed [9]. Regarding estimation
of T.on, the MR traces started to deviate from the scaling curve
above Ton, when T, < 15 K was used, whereas reasonable
scaling behavior persisted even below T, for Toon = 25 K;
this suggests Teon ~ 20 K (see the Supplemental Material
[30]). Overall, this framework suggests that complex actions
of fluctuating local moments potentially associated with the
partial flat band may account for the quantum fluctuations and
its derived NFL state in NizIn.

Conclusion. In conclusion, we report the synthesis and
characterization of correlated kagome metal Ni3In in epitax-
ial thin-film form. Precise synthesis control and appropriate
postannealing treatment in molecular beam epitaxy facili-
tate the stabilization of high-quality NizIn film with NFL
responses, in agreement with previous bulk single-crystal
studies [8,9]. The values of electrical resistivity in all the
studied samples are significantly smaller than the Mott-
Toffe-Regel limit of resistivity, suggesting that the observed
anomalies arise from the intrinsic quantum fluctuations in
NizIn rather than disorder-dominated scatterings in the bad
metal regime. A close inspection of its electrical transport
properties reveals that fluctuating spins and their coherence
formation may be responsible for the observed NFL behav-
iors. Previous studies of bulk NiszIn have proposed possible
connections between the partial flat band, local moments, and
various anisotropic physical properties [8,9]. It is of signifi-
cant interest to further investigate the nature of the fluctuating
local moments and partial flat band. The high-quality NizIn
films will offer a promising platform to engineer the NFL
response and other flat-band-driven effects via epitaxial strain
[31], quantum confinement [32], and electrostatic gating [33].
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